Object We aimed to identify the β-adrenoceptor (β-AR) subtypes involved in isoprenaline-induced relaxation of guinea pig colonic longitudinal smooth muscle using pharmacological and biochemical approaches. Methods Longitudinal smooth muscle was prepared from the male guinea pig ascending colon and contracted with histamine prior to comparing the relaxant responses to three catecholamines (isoprenaline, adrenaline, and noradrenaline). The inhibitory effects of subtype-selective β-AR antagonists on isoprenaline-induced relaxation were then investigated. Results The relaxant potencies of the catecholamines were ranked as: isoprenaline > noradrenaline ≈ adrenaline, whereas the rank order was isoprenaline > noradrenaline > adrenaline in the presence of propranolol (a non-selective β-AR antagonist; 3 × 10 −7 M). Atenolol (a selective β 1 -AR antagonist; 3 × 10 −7 -10 −6 M) acted as a competitive antagonist of isoprenaline-induced relaxation, and the pA 2 value was calculated to be 6.49 (95% confidence interval: 6.34-6.83). The relaxation to isoprenaline was not affected by ICI-118,551 (a selective β 2 -AR antagonist) at 10 −9 -10 −8 M, but was competitively antagonized by 10 −7 -3 × 10 −7 M, with a pA 2 value of 7.41 (95% confidence interval: 7.18-8.02). In the presence of propranolol (3 × 10 −7 M), the relaxant effect of isoprenaline was competitively antagonized by bupranolol (a non-selective β-AR antagonist), with a pA 2 value of 5.90 (95% confidence interval: 5.73-6.35).
Introduction
The β-adrenoceptor (β-AR) belongs to the family of G protein-coupled receptors and is currently classified into three subtypes (β 1 , β 2 , and β 3 ) (1-3). Although the β-AR is distributed throughout the body, it exists at a particularly high density in smooth muscle and plays an important role in its physiological relaxant responses. The expression of each subtype shows some degree of tissue specificity, and also varies greatly between species. For example, the β 2 -AR is the major subtype in human (2, 4) and guinea pig (5-7) bronchial smooth muscle, while the β 1 -AR is the major subtype in mouse bronchial smooth muscle (8) . Therefore, although animal studies of the β-AR provide important information, care is required when extrapolating these results to humans.
The major β-AR in gastrointestinal smooth muscle was classified as β 1 -AR by Lands et al. (9, 10) . However, Koike et al. identified the β 2 -AR subtype in the guinea pig tenia cecum, indicating that gastrointestinal smooth muscle expressed other β-AR subtypes, in addition to β 1 -AR (11) . Furthermore, Koike et al. reported the possibility that guinea pig tenia cecum expressed the β 3 -AR subtype, which is insensitive to propranolol at concentrations up to ≈10 −6 M and is involved in the relaxant responses to isoprenaline, noradrenaline, and adrenaline (12) (13) (14) . Horinouchi et al. subsequently reported that the β 3 -AR was also expressed in the guinea pig stomach, duodenum, and the longitudinal muscle of the ileum (15, 16) . Therefore, although the physiological roles of the β 3 -AR are still unclear, the presence of this receptor should be taken into account when considering the β-AR subtypes in gastrointestinal smooth muscle. These previous reports have investigated the β-AR subtypes expressed in gastrointestinal smooth muscle from the stomach to the small intestine, but few studies have examined the smooth muscle of the large intestine.
The function of the smooth muscle of the large intestine is controlled by excitatory parasympathetic nerves and inhibitory sympathetic nerves, and abnormalities of these autonomic nerves lead to dysfunction of the large intestine (17, 18) . Indeed, anticholinergic drugs that inhibit parasympathetic nerve activationassociated enhancement of gastrointestinal motility are used to treat conditions associated with an overactive bowel, such as irritable bowel syndrome. In addition, parasympathomimetic drugs such as synthetic choline esters and cholinesterase inhibitors are used to treat conditions associated with an underactive bowel, such as post-surgical intestinal paralysis. Agonists or antagonists of intestinal smooth muscle β-ARs could provide alternatives to parasympathomimetic or anticholinergic drug therapies for large intestine dysfunction.
The present study aimed to clarify the functional β-AR subtypes in the smooth muscle of the large intestine using pharmacological and biochemical approaches. We compared the rank order of efficacy of three catecholamines (isoprenaline, noradrenaline, and adrenaline) in longitudinal muscle preparations of the guinea pig colon, and examined the effects of selective β-AR antagonists on the isoprenaline-induced relaxation response.
In addition, we examined the mRNA expression of β-AR subtypes within the colonic longitudinal muscle.
Materials and methods

Animals
Male Hartley guinea pigs (5-8 weeks old, weighing 340-490 g; Sankyo Labo Service, Tokyo, Japan)
were housed under controlled conditions (temperature 20-22°C, relative air humidity 50 ± 5%, fixed 12- 
Preparation of longitudinal smooth muscle preparations of the guinea pig colon
The guinea pigs were euthanized by cervical dislocation and exsanguinated from a carotid artery; the ascending colon (length: about 80 mm) was isolated immediately after the dissection of the abdomen, washed well with Locke-Ringer solution containing 154 mM NaCl, 5.6 mM KCl, 2.2 mM CaCl 2 , 2.1 mM MgCl 2 , 5.9 mM NaHCO 3 , and 2.8 mM d-(+)-glucose, and then divided into two parts in the circular muscle direction.
The longitudinal smooth muscle bundles were then isolated using a glass rod, swab, and tweezers, and divided in two in the longitudinal direction. Four preparations were made from each guinea pig using this procedure.
Recording of isotonic tension changes
The longitudinal smooth muscle preparations were suspended in an organ bath filled with 20 mL LockeRinger solution, which was aerated with mixed gas (95% O 2 and 5% CO 2 ) and kept at 32°C. Tension changes were recorded isotonically via a kymograph and lever. The initial tension load was 0.5 g, and each preparation was initially incubated for 15 min prior to inducing contraction by adding histamine.
Examination of sustained responses of the colonic longitudinal smooth muscle to contractile agents
First of all, we examined the sustainability and stability of colonic longitudinal smooth muscle contractile responses to five drugs in order to determine the most suitable constrictor of this muscle for detection of β-AR-mediated relaxation. The contractile drugs tested were serotonin, prostaglandin F 2α (PGF 2α ), carbachol, histamine, and bethanechol.
After the initial 15-min incubation, the colonic preparation was contracted by adding histamine (10 −6 M) at least twice at 10-min intervals. After an equilibration period of 10 min, histamine (10 −8 -3 × 10 −5 M) was cumulatively applied to the bath medium until a maximum response was obtained, which was subsequently From these concentration-response curves, we determined the concentrations that caused sub-maximal contractile responses. These concentrations, which were then used to examine the sustainability and stability of the contractile responses, were 10 −6 M for serotonin, 3 × 10 −5 M for PGF 2α , 3 × 10 −5 M for carbachol, 10 −5 M for histamine, and 10 −4 M for bethanechol. After these procedures, the contractile response to each test drug was recorded for 3 h.
Comparison of the relaxant potencies of isoprenaline, adrenaline, and noradrenaline
This series of experiments was carried out in the presence of normetanephrine (3 × 10 −7 M) and desipramine (10 −6 M) in order to rule out the contribution of amine transporters to the relaxant effects of catecholamines. Normetanephrine is an uptake 1 inhibitor and desipramine is an uptake 2 inhibitor.
After the initial 15-min incubation, the colonic preparation was contracted by histamine (10 −5 M). When the contraction reached a steady-state, the preparation was relaxed by the application of isoprenaline. Before starting the control experiment, this procedure was repeated again. After the second relaxant response to isoprenaline (preliminary experiment), the preparation was incubated for 40 min in Locke-Ringer solution.
Normetanephrine (3 × 10 −7 M) and desipramine (10 −6 M) were then added to the bath solution, and the colonic longitudinal smooth muscle preparations were contracted by histamine (10 −5 M). When the contraction reached a steady-state level, isoprenaline, adrenaline, or noradrenaline was cumulatively applied to the bath solution in order to obtain concentration-response curves in the absence of propranolol. After washing out the reagents using fresh bath solution, the colonic longitudinal smooth muscle preparations were incubated for 60 min, with the bath solution changed every 20 min. Thereafter, normetanephrine (3 × 10 −7 M), desipramine (10 −6 M), and propranolol (3 × 10 −7 M) were added to the bath solution, and a sustained contraction was evoked by applying histamine (10 −5 M). When the histamine-induced contraction reached a steady-state level, isoprenaline, adrenaline, or noradrenaline was again cumulatively applied in order to obtain concentration-response curves in the presence of propranolol (3 × 10 −7 M). After cumulative application of these catecholamines, the preparation was completely relaxed by the application of papaverine (10 − 
Evaluation of the effects of β-AR antagonists on the isoprenaline-induced relaxation
After conducting the preliminary procedures described in previous section, the colonic longitudinal smooth muscle preparations were contracted with histamine (10 − 
Reverse transcription polymerase chain reaction (RT-PCR) analysis of β-AR subtype mRNA expression
Guinea pigs were euthanized by cervical dislocation and exsanguinated from a carotid artery; the ascending colon (length: about 80 mm), right atria, and ileum (length: about 80 mm) were isolated immediately after the dissection of the abdomen and washed thoroughly with Locke-Ringer solution. Colonic and ileal longitudinal muscle preparations were prepared as described earlier. The smooth muscle and atrial preparations were frozen in liquid nitrogen and used for extraction of total RNA using RNAiso Plus TM (TAKARA BIO Inc., Shiga, Japan), according to the manufacturer's instructions. The first-strand cDNA (10 µL) was synthesized from total RNA (0.5 µg) using ReverTra Ace ® qPCR RT Master Mix with gDNA Remover (TOYOBO Co., Ltd. Osaka, Japan), according to the manufacturer's instructions. Prior to the start of the reverse transcription reaction, the total RNA solution was incubated at 65°C for 5 min in order to denature the RNA, and then cooled on ice. To check for genomic DNA contamination, the same procedure was also applied to a solution containing no reverse transcriptase. cDNA (0.5 µL) was amplified using Go Taq ® Green Master Mix (Promega Corp., Madison, Wis., USA) with the specific forward and reverse primer sets shown in Table 1 (Eurofins Genomics, Tokyo, Japan), according to the manufacturer's instructions. The PCR conditions for β-ARs were 95°C for 2 min followed by 35 cycles of 98°C for 30 sec, 55°C for 2 sec, 72°C for 30 sec, and finally 72°C for 5 min. The PCR for β-actin was 95°C for 2 min followed by 30 cycles of 98°C for 30 sec, 55°C for 2 sec, 72°C for 30 sec, and finally 72°C for 5 min. The PCR products were electrophoresed in TAE buffer using a 1.5% agarose gel containing ethidium bromide (0.5 µg/mL) to confirm target gene amplification. 
Data analysis
The extent of relaxation induced by the β-AR agonists (isoprenaline, adrenaline, and noradrenaline) was calculated with respect to the tone level following the application of 10 −4 M papaverine (100% relaxation), and to the steady-state tone level prior to the application of each relaxant (0% relaxation).
The potencies of β-AR agonists were expressed as pD 2 (pEC 50 ) values (the negative logarithm of the effective agonist concentration producing a response that is 50% of the maximum response). Data were plotted as a function of the catecholamine concentration and fitted to the equation:
where E is the % relaxation at a given concentration, E max is the maximum response, A is the agonist (relaxant) concentration, n H is the slope function, and EC 50 is the agonist concentration producing a 50% response. The β-AR antagonist potencies are expressed as the pA 2 value, which was calculated according to the method originally reported by Arunlakshana and Schild (19) .
Data are presented as the mean ± S.E.M. or the mean and the 95% confidence interval (C.I.), and n refers to the number of preparations. Significant differences between the means were evaluated by GraphPad Prism TM (Version 4.00) using one-way analysis of variance followed by Tukey's multiple comparison test. A P-value of less than 0.05 was considered to be statistically significant.
Results
Sustained contractile responses of colonic longitudinal smooth muscle segments to contractile agents
Serotonin (10 −6 M) produced a very weak contraction that reached its peak level 5-10 min after application (Fig. 1A) . In addition, this contraction was not sustained and declined to the level observed prior to serotonin application after 30-60 min (Figs. 1A, 2 ). PGF 2α (3 × 10 −5 M) evoked a medium contraction that reached its peak level 5-10 min after application and was sustained over 3 h (Figs. 1B, 2) . However, PGF 2α -induced tone was difficult to recover after washout; it took over 1 h for the tone induced by PGF 2α (3 × 10 −5 M) to recover to the level observed prior to its application (Fig. 1B) . Therefore, PGF 2α was judged to be unsuitable for repeated administrations. Carbachol (3 × 10 −5 M) evoked a strong contraction that reached a peak level 5-20 min after application (Fig. 1C) . However, carbachol-induced tone was not sustained and decreased gradually within the observation period of 3 h. Therefore, carbachol was also judged to be inappropriate for the evaluation of relaxation responses to β-AR agonists (Figs. 1C, 2 ). Both histamine (10 −5 M) and bethanechol (10 −4 M) produced strong contractions that were established within 60-90 min of application and were sustained for at least 90 min (Figs. 1D, 1E, 2 ). Based on these findings, both histamine and bethanechol were judged to be suitable for the determination of β-AR agonist-induced relaxation responses. However, we chose histamine as a contractile agonist in order to rule out any possible physiological interactions between muscarinic receptors and adrenergic receptors. Figure 3 shows the reproducibility of concentration-response curves for isoprenaline-induced relaxation, determined using the same longitudinal smooth muscle preparations of the guinea pig colon. The concentration-response curves for isoprenaline were almost identical for the first and second applications, and no significant differences were found in the pD 2 values or the maximum responses (E max ); the pD 2 and E max values for the first vs. second response were 8.08 ± 0.02 vs. 8.19 ± 0.08 (n = 6) and 95.9 ± 1.9% vs. 98.5 ± 0.7% (n = 6), respectively. This finding indicated that reproducible relaxant responses were obtained at least twice by cumulative addition of isoprenaline to the same preparation of ascending colonic longitudinal muscle. We therefore regarded the first relaxant response as the control response, while the effects of β-AR antagonists were examined in the second relaxation response. Figure 4 shows the concentration-response curves for the three catecholamines tested (isoprenaline, adrenaline, and noradrenaline). Each catecholamine produced potent relaxant effects in both the absence and presence of propranolol (3 × 10 −7 M) (Fig. 4A, B) ; they all relaxed the colonic longitudinal smooth muscle to the muscle tone level observed prior to the application of histamine (10 −5 M).
The relaxant responses to repeat applications of isoprenaline
Rank order of relaxant potency of isoprenaline, adrenaline, and noradrenaline
In the absence of propranolol, the pD 2 values were 8.17 ± 0.02 (n = 3) for isoprenaline, 6.85 ± 0.04 (n = 3) for adrenaline, and 7.05 ± 0.05 (n = 3) for noradrenaline; the rank order of relaxant effect potency was thus isoprenaline > noradrenaline ≥ adrenaline (Fig. 4A) . In the presence of propranolol (3 × 10 −7 M), the pD 2 values were 6.67 ± 0.04 (n = 3) for isoprenaline, 5.40 ± 0.09 (n = 3) for adrenaline, and 5.94 ± 0.14 (n = 3) for noradrenaline; a rank order of isoprenaline > noradrenaline > adrenaline (Fig. 4B ).
These results suggest that β-AR-mediated relaxation of the colonic longitudinal muscle is induced via β 1 -AR and/or β 3 -AR in the absence of propranolol, and by β 3 -AR in the presence of propranolol (3 × 10 −7 M). Figure 5 shows the effect of propranolol on the relaxant response to isoprenaline. Isoprenaline-induced relaxation was shifted to the right by propranolol at both 3 × 10 −9 M (Fig. 5A ) and 10 −8 M (Fig. 5B) . The slope of the regression line for the Schild plot of propranolol (3 × 10 −9 -10 −8 M) vs. isoprenaline was 1.08, which was not significantly different from unity (95% C.I.: 0.38-1.79, n = 6) (Fig. 5E ). These findings indicated that propranolol acted as a competitive antagonist of the relaxant response to isoprenaline, with a pA 2 value of 8.56
Effects of propranolol on the isoprenaline-induced relaxation
(95% C.I.: 8.38-9.18, n = 6).
Figures 5C, D show the effects of higher concentrations of propranolol (3 × 10 −7 -10 −6 M) on the relaxant response to isoprenaline. Isoprenaline-induced relaxation was shifted to the right by propranolol at both 3 × 10 −7 M (Fig. 5C ) and 10 −6 M (Fig. 5D) . However, the slope of the Schild plot regression line was less than unity (-0.35) (Fig. 5E ). These findings indicated that isoprenaline-induced relaxation was not suppressed further in the presence of more than 3 × 10 −7 M propranolol. Relaxation is expressed as a percentage of the maximum relaxation induced by 10 −4 M papaverine (100%), which was applied at the end of each experiment; n = 4 for each data point. E: Schild plot analysis of the effects of the indicated concentrations of ICI-118,551 against isoprenaline; n = 8. Figure 6 shows the effect of atenolol on the relaxant response to isoprenaline. Isoprenaline-induced relaxation was shifted to the right by atenolol at 3 × 10 −7 -10 −6 M (Fig. 6A, B) . The slope of the Schild plot regression line was 0.84, which was not significantly different from unity (95% C.I.: 0.37-1.30, n = 6) (Fig. 6C ). This indicated that atenolol acted as a competitive antagonist of isoprenaline-induced relaxation, with a pA 2 value of 6.49 (95% C.I.: 6.34-6.85, n = 6). Figure 7 shows the effect of ICI-118,551 on the relaxant response to isoprenaline. Isoprenaline-induced relaxation was not substantially affected by ICI-118,551 (10 −9 -10 −8 M) (Fig. 7A, B) . Figure 7C -E shows that higher concentrations of ICI-118,551 (10 −7 -3 × 10 −7 M) shifted isoprenaline-induced relaxation to the right.
Effects of atenolol on the isoprenaline-induced relaxation
Effects of ICI-118,551 on the isoprenaline-induced relaxation
The slope of the Schild plot regression line was 0.93, which was not significantly different from unity (95% C.I.:
0.49-1.36, n = 8) (Fig. 7E ). This indicated that ICI-118,551 acted as a competitive antagonist of isoprenalineinduced relaxation, with a pA 2 value of 7.41 (95% C.I.: 7.18-8.02, n = 8). Figure 8 shows that bupranolol (10 −6 -3 × 10 −6 M) shifted isoprenaline-induced relaxation to the right in the presence of 3 × 10 −7 M propranolol (Fig. 8A, B) . The slope of the Schild plot regression line was 1.00, which was not significantly different from unity (95% C.I.: 0.31-1.69, n = 8) (Fig. 8C ). This indicated that bupranolol acted as a competitive antagonist of isoprenaline-induced relaxation in the presence of 3 × 10 −7 M propranolol, with a pA 2 value of 5.90 (95% C.I.: 5.73-6.35, n = 8).
Effects of bupranolol on the isoprenaline-induced relaxation
Expression of β-AR subtype mRNAs in colonic longitudinal muscle segments
PCR products for β 1 -, β 2 -, and β 3 -ARs were detected in colonic longitudinal muscle and ileal smooth muscle, with the expected corresponding PCR products of 444, 434, and 383 base pairs, respectively (Fig. 9 ).
In contrast, only β 1 -and β 2 -AR mRNAs were detected in the atrium (Fig. 9) . A PCR product for β-actin, as an internal standard, was also detected in all three preparations; this had the expected size of 559 base pairs. No positive bands were observed in PCR products generated in the absence of reverse transcription. 
Discussion
These pharmacological and biochemical studies were carried out to identify the β-AR subtypes that mediated the relaxant responses of guinea pig colonic longitudinal smooth muscle. In order to achieve this, we determined the rank order of relaxant potency of three catecholamines, and examined the inhibitory effects of non-selective and selective β-AR antagonists on isoprenaline-induced relaxation. Furthermore, we examined colonic longitudinal smooth muscle for the expression of mRNAs encoding β 1 -, β 2 -, and β 3 -ARs.
First, we examined the rank order of potency of three catecholamines (isoprenaline, adrenaline, and noradrenaline). The rank order of the pD 2 values determined by this study (isoprenaline > noradrenaline ≥ adrenaline) suggested that the major β-AR subtypes involved in the relaxation of guinea pig colonic longitudinal smooth muscle were β 1 -AR, β 3 -AR, or both β 1 -AR and β 3 -AR. This series of experiments did not indicate whether this rank order reflected the involvement of β 1 -AR or β 3 -AR, since the pD 2 values for noradrenaline (7.05 ± 0.05) and adrenaline (6.85 ± 0.04) were similar. On the other hand, in the presence of a high concentration of propranolol (3 × 10 −7 M), the rank order of the pD 2 values of these three catecholamines was isoprenaline > noradrenaline > adrenaline; this was consistent with β 3 -AR involvement.
Propranolol is usually recognized as a nonselective competitive antagonist of β 1 -and β 2 -ARs, with pA 2 values of around 8.5 for both receptor subtypes (20, 21) . However, propranolol also shows an antagonistic effect on β 3 -AR, although this effect requires concentrations that are more than 100-fold higher; published pA 2 values of propranolol against the β 3 -AR are around 6.0 (22, 23) . We therefore next examined the effects of propranolol on isoprenaline-induced relaxation in order to distinguish effects mediated by β 3 -AR from those involving β 1 -AR, which is inhibited by lower concentrations of propranolol. Propranolol at 3 × 10 −9 -10 −8 M competitively antagonized the relaxant responses to isoprenaline (Fig. 5A , B, E), indicating that β 1 -or β 2 -ARs were involved in this response. Higher concentrations of propranolol (3 × 10 −7 -10 −6 M) also inhibited isoprenaline-induced relaxation, but the isoprenaline concentration-response curve was not shifted any further to the right under these conditions (Fig. 5C, D, E) . In contrast to our present findings, propranolol was previously shown to act as a competitive antagonist of isoprenaline-induced relaxation at concentrations of 10 −8 -3 × 10 −6 M in guinea . PCR products were separated by 1.5% agarose gel electrophoresis and cDNA was detected using ethidium bromide. PCR products for β 1 -, β 2 -, and β 3 -ARs were detected as the expected corresponding PCR products of 444, 434, and 383 base pairs, respectively. RT(+): reverse transcription, RT(-): no reverse transcription. These results were representative of four experiments.
β-AR subtypes in colonic relaxation -25 -pig esophageal smooth muscle; this tissue expresses β 1 -and β 2 -ARs, but not β 3 -AR (20) . These isoprenaline vs. propranolol results indicate that at least two β-AR subtypes mediate colonic longitudinal smooth muscle relaxation; one is sensitive to lower concentrations of propranolol (less than around 10 −7 -3 × 10 −7 M), and the other is insensitive or poorly sensitive to even higher concentrations of propranolol (more than 3 × 10 −7 -10 −6 M). The former involves the β 1 -AR and the latter involves the β 3 -AR.
In order to identify the β-AR subtype that is responsible for isoprenaline-induced relaxation and sensitive to propranolol at ≤ 3 × 10 −7 M, we examined the effects of atenolol (a selective β 1 -AR antagonist) and ICI-118,551 (a selective β 2 -AR antagonist) on this effect. Isoprenaline-induced relaxation was competitively antagonized by atenolol, with a pA 2 value of atenolol vs. isoprenaline of 6.49. This was similar to the previously reported pA 2 value (6.5-7.0) of atenolol against the β 1 -AR subtype (5, 21, 24) . Although ICI-118,551 is a selective β 2 -AR antagonist, it can also act as a competitive antagonist of β 1 -AR at higher concentrations; the pA 2 values of ICI-118,551 vs. β 2 -and β 1 -AR are around 9.0 and 7.0, respectively (20, 21) . In the present study, isoprenaline-induced relaxation was not affected by ICI-118,551 at 10 −9 -10 −8 M, thus ruling out the possibility of β 2 -AR involvement. In contrast, isoprenaline-induced relaxation was competitively antagonized by 10 −7 -3 × 10 −7 M ICI-118,551, and the calculated pA 2 value (7.41) was consistent with the pA 2 value of ICI-118,551 for the β 1 -AR. These findings thus indicate that the β 1 -AR was the main mediator of ≤ 3 × 10 −7 M-propranolol sensitivity in this gastrointestinal smooth muscle preparation.
Finally, we examined the effects of bupranolol on isoprenaline-induced relaxation in the presence of propranolol (3 × 10 −7 M) to identify the β-AR that was resistant to this concentration of propranolol in this preparation. We used bupranolol because this compound antagonizes β 1 -and β 2 -ARs with pA 2 values of ≈9.0, and also antagonizes β 3 -AR with a pA 2 value of 6.0 (3, 13, (25) (26) (27) . We have been using this β-AR antagonist from the beginning of our smooth muscle β 3 -AR studies and have found that the β 3 -AR pA 2 value is always within relatively narrow range of 5.5-6.0. In the presence of propranolol (3 × 10 −7 M), isoprenaline-induced relaxation was competitively antagonized by bupranolol (10 −6 -3 × 10 −6 M) with a pA 2 value of 5.90 (Fig. 8) ;
this was consistent with its pA 2 value against the β 3 -AR. These findings indicate that the β 3 -AR is involved in the propranolol (3 × 10 −7 M)-insensitive component of isoprenaline-induced relaxation of colonic longitudinal smooth muscle.
The motility of large intestinal smooth muscle is suppressed by sympathetic nerve activity (17, 18) . The present study suggests that the activation of sympathetic nerves of the large intestine inhibits its motility through stimulating β 1 -and/or β 3 -ARs. Therefore, agonists of β 1 -and/or β 3 -AR might be effective for the treatment of diseases caused by overactivity of the colon, such as irritable bowel syndrome, while antagonists of these receptor subtypes might be effective for diseases caused by underactivity of the colon, such as intestinal palsy. However, further experiments will be required to determine whether the present guinea pig results are applicable to humans.
